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Abstract— This paper presents the development of a solar cell 
inspection manufacturing execution system (MES). The main 
objective of the MES is to detect micro cracks in the 
manufacturing process of solar cells. Hence, to accept or reject a 
solar cell during the assembling unit. The proposed MES consists 
of three stages, at first stage, the inspection system will be placed 
on the manufacturing process of the solar cell. After the solar cell 
has been manufactured, it will pass under an in-line 
electroluminescent (EL) system. At this stage, an OR operation 
between a healthy/no-crack and the inspected solar cell image will 
be obtained. This OR operation will generate a better calibration 
for the cracks in the PV solar cell image. The final calibrated image 
presents a high quality, and low noise structure, thus easier to 
identify the micro cracks size, location and orientation. The last 
stage evaluates the calibrated image using the plot profile which is 
well known as the distance in pixels vs. the gray level of the image. 
The plot profile will indicate whether to accept or reject the solar 
cell, 10% confidence interval for the gray level was used to identify 
the upper and lower detection limits. 
 
Index Terms— Photovoltaic; Solar cells; Micro cracks; 
Electroluminescence. 
I. INTRODUCTION 
icro cracks in solar cells are a common issue for Photovoltaic 
(PV) solar cells manufacturing systems. They are unlikely to 
avoid and, so far, the impact of solar cells’ micro cracks has 
been reported with limited understanding how they behavior and in 
what extent the cracks should be accepted, and their impact could be 
considered as negligible.  
Several state-of-the-arts methods have been proposed widely in 
order to detect solar cells micro cracks; resonance ultrasonic vibrations 
(RUV) method for crack detection in PV silicon wafers has been firstly 
proposed by [1] and [2].  This detection method uses ultrasonic waves 
of a plausible frequency though a transducer operating on a range of 
20 to 90 kHz. The transducer consists of core unit which allows the 
vacuum to couple between the solar cell wafer and transducer by 
applying nearly 40-kPa pressure to the backside of the wafer. This 
method is sensitive to the crack orientation, size and length, and can 
only be used to reject/accept solar cells wafers. Nevertheless, it does 
not feature the exact location/area of the affected solar cell. 
Photoluminescence (PL) detection method was firstly eveloped to 
enhance the detection of solar cells micro cracks. This technique can 
be used to detect micro cracks in silicon wafers as well as in large-
 
 
scale PV panels [3]. PL technique could be cast-off not only at the end 
of the production process of solar cells but also it is commonly situated 
in the interior process of production line [4]. Authors in [5] developed 
a novel PL system that allows inhomogeneous radiation of light in 
order to enhance the detection of solar cells micro cracks. The results 
show that the usage of inhomogeneous illumination suggestively 
ranges the possibility of photoluminescence imaging applications for 
the classification of solar cells cracks detection. On the other hand, 
most recently, the PL images were acquired using the sun as an 
individual source of illumination. This is done using an appropriate 
optical filtering processing unit that extends the operation of solar cells 
at their optimum test condition scenarios [6]. While the main 
advantage of this technique that it enables the detection of solar cells 
micro cracks including point/dot and line cracks. 
Another predominantly used method to detection solar cells micro 
cracks is the Electroluminescence (EL). This method is the form of 
luminescence in which electrons are excited into the conduction band 
using electrical current by connecting the inspected solar cell in 
forward biasing mode [7]. This method is frequently used since it can 
be applied not only on small small-scale solar cell sizes but also with 
full-scale PV panels [8]. In principle, the EL technique necessitates the 
inspected solar cell to be in the forward bias condition in order to yield 
infrared radiation, resulting an EL waves that varies from 950 to 1250 
nm. Emission peak intensity is reliant on the compactness of defects in 
the solar cell, with less defects resulting in extra emitted EL waves [9]. 
The EL setup would be preferable to be placed in a dark room to 
eliminate the interaction between EL waves and any other source of 
light. In addition, the image of the cells cracks is typically taken by 
cooled charge-coupled device (CCD) camera; the configuration and 
construction of the EL setup is accessible in [10]. In a CCD image 
sensor, pixels are represented by p-doped metal-oxide-semiconductors 
(MOS) capacitors. The capacitors are biased above the threshold for 
inversion when image acquisition begins, allowing the conversion of 
incoming photons into electron charges at the semiconductor-oxide 
interface; the CCD is then used to read out these charges. Although 
CCD are not the only technology to allow for light detection, but they 
are widely used in professional, medical, and scientific applications 
where high-quality image data are required. 
M. Kontges et al. [11] examined the impact of solar cells micro 
cracks using the conventional EL imaging technique. The outcome of 
the analyses proves that micro cracks could decrease the output power 
of a solar cells by more than 2.5%. Furthermore, the orientational 
distribution of solar cells micro cracks was firstly obtainable by S. 
Kajari-Schröder et al. [12]. The micro cracks were categorized into six 
sub-categories including dendritic, -45o, +45o, several, perpendicular 
to busbars and parallel to busbars. The analysis has been carried out 
using 27 different PV panels, where the maximum micro cracks are 
associated with parallel to busbars with 50% comparative occurrence.  
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The biggest disadvantage of EL imaging systems that they require 
a large-scale setup including a CCD camera and power supply [13]. 
Whereas the main advantage of this technology that it is considerable 
cheaper compared to other available cracks detection methods [14].  
Other detection methods, such as infrared thermography (IRT) 
imaging is used detect abnormal conditions affecting PV modules, 
such as micro cracks. The IRT thermal imaging detects radiation in the 
long-infrared range of the electromagnetic spectrum (roughly from 9-
14 μm), and produce images of that radiation, called thermograms. 
  According to [15], a suitable detection method, capable of 
detecting failure modes such as hot-spots and micro cracks in solar 
cells using an intelligent I-V kernel extreme learning machine method 
as well as using the IRT technique. While, [16] and [17], presented a 
novel thermal imaging technique using the IRT method to detect 
possible hot-spots and micro cracks in solar wafer, these techniques 
strongly depend on the thermal output image, while there are 
significant uncertainly in the data analysis due to the angle of 
detection, thermal camera accuracy, and some environmental 
conditions that might affect the resolution of the captured image such 
as partial shading conditions. 
In this paper, EL imaging technique was used to capture the micro 
cracks in PV solar cells. The EL detection technique is already shown 
in our previous articles [7] and [18].  Furthermore, the main 
contribution of this work is illustrated as follows: 
 Technique selection: comparing different techniques to 
analyses the difference between crack-free and cracked solar 
cells under the developed solar cell inspector manufacturing 
execution system (MES). 
 Image resolution: finding the most appropriate method that 
has the finest output image arrangement, for PV solar cell 
micro cracks detection. 
 Evaluation: the proposed micro crack detection and image 
enhancement technique will be evaluated using actual solar 
cell images and compared to previously published articles. 
 Plot profile: the main challenge is to identify whether to 
accept or reject the solar cell in the manufacturing process. 
This was attainable using the plot profile of the final 
calibrated image by the value of the image gray level for the 
micro cracked solar cells. 
II. SOLAR CELL INSPECTION SYSTEM 
The developed solar cell inspector manufacturing execution system 
(MES) is shown in Fig. 1. The inspector system consists of three stages 
which can be described as follows: 
1. Solar cell manufacturing process: at this stage of the MES 
system, the solar cell already has been completely 
manufactured, whilst the inspection of the reliability and 
durability of the solar cell not yet confirmed within the 
international standards. 
2. Solar cell inspector MES: after the solar cell is ready to be 
inspected, it will pass under an in-line solar cell inspector, in 
which it includes an electroluminescence system. The 
system is comprised of a light-tight black-box where housed 
inside is a digital camera and a sample holder. The digital 
camera is equipped with a standard F-mount 18–55 mm lens. 
To allow for detection in the near infrared, the IR filter was 
removed and replaced with a full spectrum window of equal 
optical path length. In our setup a Nikon D40 was used, but 
in principle any digital camera with similar grade CCD or 
CMOS sensor and where the IR filter can be removed would 
serve the purpose. The bias was applied and the resultant 
current and the voltage are measured by a voltage and 
current sensors which are connected to the personal 
computer (PC). 
3. LabVIEW-based interface system: at this stage, the captured 
EL image of the solar cell will sent though a LabVIEW 
application in order to inspect and localize the micro cracks, 
therefore, to accept or reject the solar cell wafer. If the solar 
cell is accepted, it would be sent to the assembling unit; 
practically to assemble the solar cell as a large-scale PV 






Fig. 1.  Solar cell manufacturing and inspection system  
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III. ENHANCING SOLAR CELL MICRO CRACK INSPECTION 
This section discusses the appropriate level of selection for the 
proposed EL detection technique. Fig. 2 demonstrates the 
recombination of healthy vs. cracked solar cell samples. Six dissimilar 
methods are used to combine both images, initial using “OR” function, 
culmination with the subtraction method [19]-[25]. The output images 
for each method is also confirmed as shown in Fig. 2. 
It is worth noting that the division method has a complete black 
output calibrated image, while the second-worst output image is when 
subtracting the cracked from the healthy solar cell image. 
Nevertheless, the optimum image for the crack identification is 
observed using the OR function (cracked solar cell image ORing with 
healthy solar cell image). This outcome is found because the crack-free 
image would not anticipate in an additional noise to the cracked solar 
cell image, though, it scrubs the parts of the image which have no 
micro cracks. 
We have selected the OR function, since it provides the highest 
resolution and labels all cracks within the inspected solar cell sample; 
compared to other methods, which have limited resolution and cracks 
is hardly to be identified. In fact, each of the above listed techniques 
are based on a specific process which calculate bit-by-bit image pixels, 
thus remove the noise and improves the quality of the output cracked 
solar cell image, the process for 2 bits is described in Fig. 3(a). As a 
result, the detection technique leads for improved image structure. It is 
worth noting that the crack-free vs. cracked solar cell sample images 
are processed into binary signal using 200 x 200 pixel division process. 
Obtained bits are processed by an OR function in order to generate the 
output image of cracks in the observed solar cell samples. 
Fig. 3(b) shows the output image of the cracked solar cell before 
and after the ORing bit-by-bit of the pixels for the observed image. The 
output image contains imperfect source of noise and the filtration 
process for the noisy areas have clearly disappeared.  
In Fig. 3(b) two locations of the examined solar cell are labelled. 
Looking at the conventional EL image, the first area shows a long 
crack spread out in the solar cell. However, using the proposed OR 
function, the cracked area is more visible and fewer cracks are also 
present compared to the original EL image. Same remark is confirmed 
for the second area shown in Fig. 3(b). In regards with this observation, 
it is obvious that the original EL image does contain a noisy figure of 
the cracks, while this noise could possibly be added by the CCD 
camera, but as a ultimate remark this is not a real damage in the solar 
cell which cannot be identified by the conventional EL imaging 
technique. It is worth noting that the healthy/crack-free solar cell 
image is fixed, pre-captured using the EL camera and fixed as 
reference to the comparison with an inspected cell. 
On the other hand, we have tested two other solar cell samples using 
both the conventional EL imaging vs. the proposed detection method, 
testified in Figs. 3(c) and 3(d). It is well-observed that after using the 
proposed method the crack position, size and orientation is more 




















Fig. 3.  (a) bit-by-bit pixel calibration ,(b) Before and after using the proposed OR function, this method uses the OR function between each bit-by-bit of 
the pixels from the original cracked cell with free crack solar cell, this solar cell is corresponds to sample 1 in the entire manuscript, (c) Solar cell sample 2, 




IV. SOLAR CELL ACCEPT/REJECT CRITERION 
A. General Description 
After examining the solar cell using the proposed inspection method 
discussed earlier in section III, the final calibrated image of the solar 
cell will be processed using the plot profile method which is well 
known as the distance in pixels vs. the gray level (the level of the dark 
spots at specific x-axis distance) [26]. 
The optimum/ideal plot profile must be known by the micro crack 
detection system in order to detect possible cracks in the observed solar 
cell. For that reason, a healthy/none-cracked solar cell is captured and 
the plot profile using the gray level is measured. The plot profile and 
the healthy solar cell calibrated image are shown in Fig. 4(a). Using 
the developed software, all captured images are taken in a resolution 
of 200 x 200 pixels, therefore, the x-axis in Fig. 4(a) is limited to 200. 
In addition, the y-axis presents the gray level of the dark spots in the 
image, where clean/no-cracks positions have the highest gray level. 
From this definition, it is evident that the solar cell gray level is 
equal to 254. Since the image might contain some minor calibration 
errors or miscalculation of the exact image pixel size, and in order to 
eliminate this problem, we have set a 10% confidence threshold to the 
gray level to set up the upper and lower detection limits. These limits 
are shown in Fig. 4(a) and are equal to 268 and 242, respectively. 
An additional problem raised while adjusting the accept/reject 
criterion that the solar cells contain busbars. To overcome this 
problem, the examined solar cells were tested, and the distance of the 
busbars were identified. Consequently, at certain distance/pixel, the 
gray level would be projected to reduce significantly. As shown in Fig. 
4(a), the solar cell busbars have two fundamental intervals: First 
busbar from 41 to 48 pixel; Second busbar from 153 to 160 pixel. 
Therefore, at these distances, the detection algorithm would not 
consider the drop in the gray level as an indicator for a micro crack 
existence. Fig. 4(b) shows a cracked solar cell including the output plot 
profile. There are several micro cracks affecting the solar cell in the 
left-hand side, practically, by looking at the plot profile, it is evident 
that area 1 contains a significant drop in the gray level due to the 
present of a micro cracks. Similarly, after the first solar cell busbar, 
additional micro cracks appear in the solar cell; labeled as area 2. 
Due to the change in the temperature, solar illumination, humidity 
and other environmental conditions in the manufacturing process of 
the solar cell, some solar cells might contain negligible micro cracks, 
but in which they do not reflect to an actual micro crack or damage in 
the solar cell wafer. For example, Fig. 5 shows a trivial micro crack 
affecting a solar cell. According to the plot profile, the gray level is 
always within an accepted level. Hence, the micro cracks labeled in the 
circle on Fig. 5, do not have a meaningful influence on the gray level 
of the plot profile. Therefore, the solar cell is accepted and sent to the 
next stage; the assembling unit. 
The scanning for the micro-cracks could be calibrated using a 
specific solar cell parameter, particular the width size. Since the EL 
camera identifies the layout of the solar cell, whereby the LabVIEW 
code is integrated with the specific distances of the busbars. Hence, the 
developed approach is capable to be attuned based on the specification 
of the solar cell manufacturing criterion. 
It is worth noting that since the proposed method is reliant on the 
detection of the EL images. Hence, the smallest crack size that could 
be detected is in a range of 200-700µm; this size is characteristically 
distinguishable for point, area or line cracks. Depending on the 
resolution of the EL setup, the smallest crack size might be affected, 
while in our case we have identified micro cracks such as the point 
cracks shown in Fig. 4(b) that are typically in a range of 250-350µm, 
while the size of the area cracks are ranging from 500µm – 5mm. 
             
(a) 
                            
(b) 




B. Gray Level Identification Process 
The identification of the gray level strongly depends on the image 
resolution as well as the EL image carrier recombination processes. In 
this article, we have selected a threshold of 254±10%, since the 
original EL image is captured for the solar cells powered at their Isc 
current, which is a common practice for EL imaging system. However, 
the gray level might change if the solar cell sample is powered up at 
different current biasing, i.e. at 50% Isc or 75% Isc. 
In order to understand the impact of the gray level and the detection 
of the cracks using different biasing current for a typical EL system, 
we have examined the same solar cell (healthy/non-cracked) using the 
proposed method while biasing the cell under three different 
conditions including Isc current, 75% of Isc and 50% of Isc. The results 
of the output images are shown in Figs. 6(a-c). It is a well-known 
phenomenon that while biasing the solar cell under lower rate of its 
typical Isc, the yielded image of the EL would expect to have noise 
and the cracks are hardly to determine. This is evident since at 50 and 
70% of the Isc the output image does appear to have some micro cracks, 
while in fact these cracks are not present in the solar cell. The gray 
level of the three obtained images are measured, while the same 
threshold of 254±10% is applicable for all the images. However, there 
is a significant drop in the gray level of the 50% Isc scenario, since at 
this current biasing level the determined cracks are uncertain; results 
of the gray level are summarized in Fig. 6(d). 
By contrast with above results, the proposed method set a threshold 
of 254±10% for the gray level for any image obtained using the 
proposed method. This threshold is fixed since the layout of the yielded 
image is always having a white background color which is typically 
emphasized with 254 of gray level.  
C. Detection of Micro/Nano Cracks including Different 
Image Resolution 
In this section, the evaluation of the proposed technique using 
different image resolution and magnification will be presented. We 
have captured two solar cells images under magnification process of 
200 µm, are shown in Fig. 7(a). The detectable image resolution is 300 
x 300 pixels; different than the resolution of the images presented 
earlier in Fig. 4 and Fig. 5 of 200 x 200 pixels. In addition, there is a 
busbar shown in both observed cells (middle black line across the 
image). According to the second solar cell, the micro crack is affecting 
the busbar and adjacent areas.  
Both the healthy and the cracked solar cell images are processed 
using the proposed technique; adjusting the resolution of the 
calibration mode would result a plot profile that corresponds to the 
actual resolution of the observed images. The result of the output plot 
profile is shown in Fig. 7(b), where the maximum x-axis of 300 
corresponds to the distance (in pixels), and the gray level is presented 
on the y-axis. There is a significant difference of the measured gray 
level for the cracked solar cell compared to the healthy solar cell 
sample. The drop in the gray level is due to the existence of the cracks 
in the second captured image. 
 
Fig. 5.  Example for accepted solar cell with existence of negligible micro cracks, 
                                                                                      
                                  (a)                                                                                       (b)                                                                               (c) 
 
(d) 
Fig. 6. Healthy solar cell examined under different Isc biasing current. (a) Isc, (b) 75% of Isc, (c) 50% of Isc, (d) Plot profile obtained using all examined Isc 
thresholds   
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D. Detection of Line Defects, Point Detects, and Crack-Free 
Solar Cells  
In this section, the evaluation of the proposed method using the 
detection of line defects, point/dot defects and crack-free solar cells 
will be presented. We have examined a solar cell under an electron 
microscopy while setting the magnification on 1mm.  
The captured image of the electron microscopy is shown in Fig. 
8(a). The output image observed using the proposed detection method 
is shown in Fig. 8(b). It is evident that the line cracks in the busbars 
are clearly detectible, while a crack-free location of the solar cell are 
presented by a clear non-blacked-areas. In addition, the point/dot 
cracks of the examined solar cell are obtained. The only limitation 
associated with the point cracks that the actual position and orientation 
are hardly to be acknowledged by the proposed method since this type 
of the cracks does have minimal effect on the surface/layout of the 
solar cell and their width commonly less than 250 micron. On the other 
hand, the proposed method perfectly can detect line cracks within 
minimal error associated with the yielded image. 
According to the minimum cracks size inspection, using the electron 
microscopy, it is possible to detect cracks as small as 10µm. In Fig. 9 
we present three different images of the same solar cell sample taken 
under different magnification: 100µm, 50µm and 10µm. 
E. Proposed Method Limitations  
The main drawback of the proposed solar cell imaging technique is 
that the depth of the crack cannot be identified. The reason behind this 
limitation is due to the EL camera system which only captures the 
surface layout (well-known as the length) of the solar cell but cannot 
identify the width of the cracks. In addition, the user of the proposed 
method must manually calibrate the detection system in order to adjust 
the plot profile. Hence, the distance (in pixels) of the final output plot 
profile is relatively identical to the actual detected image. 
 
                                                            (a)                                                                                                                             (b) 




                      (a)                                                                                                                                            (b) 




This paper presents we have presented a novel solar cell micro crack 
detection system. The proposed technique is based on a specific 
process which calculate bit-by-bit image pixels of a conventional EL 
image, thus to remove the noise and improve the quality and 
localization of the cracks in a typical solar cell image. The Obtained 
bits are then processed by an OR function in order to generate the 
output image of cracks. The final calibrated image attained by the OR 
function will be processed using the plot profile in order to 
accept/reject the solar cell during a manufacturing process. We have 
selected a threshold of 254±10% for the plot profile, since most 
conventional EL images are captured while the solar cells are powered 
at their Isc current, this procedure is a common practice for industrial 
EL imaging system. In order to examine the feasibility of the proposed 
technique, different cracked solar cells have been examined. Results 
show that the micro cracks size, orientation, and location is more 
visible using the proposed technique compared to the conventional EL 
detection method. Furthermore, the proposed technique has been 
applied on multiple images captured using electron microscopy that 
are taken at different magnification and resolution levels.  
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Fig. 9.  Micro cracks detection using electron microscopy with different magnification; 100µm - 10 µm 
